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We live in a society absolutely dependent 
on science and technology and yet have  
cleverly arranged things so that almost 
no one understands science and technology.  
That’s a clear prescription for disaster. 

- Carl Sagan (1994)  
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Chapter 2 

Mussel beds are biological power stations on 

intertidal flats 

 
Friederike G. Engel, Javier Alegria, Rosyta Andriana, Serena Donadi, Joao B. 

Gusmao, Maria A. Van Leeuwe, Birte Matthiessen, Britas Klemens Eriksson 

Abstract 

Intertidal flats are highly productive areas that support large numbers of 

invertebrates, fish, and birds. Benthic diatoms are essential for the function of 

tidal flats. They fuel the benthic food web by forming a thin photosynthesizing 

compartment in the top-layer of the sediment that stretches over the vast sediment 

flats during low tide. However, the abundance and function of the diatom film is 

not homogenously distributed. Recently, we have realized the importance of 

bivalve reefs for structuring intertidal ecosystems; by creating structures on the 

intertidal flats they provide habitat, reduce hydrodynamic stress and modify the 

surrounding sediment conditions, which promote the abundance of associated 

organisms. Accordingly, field studies show that high chlorophyll a concentration 

in the sediment co-vary with the presence of mussel beds. Here we present 

conclusive evidence by a manipulative experiment that mussels increase the local 

biomass of benthic microalgae; and relate this to increasing biomass of microalgae 

as well as productivity of the biofilm across a nearby mussel bed. Our results show 

that the ecosystem engineering properties of mussel beds transform them into hot 

spots for primary production on tidal flats, highlighting the importance of 

biological control of sedimentary systems. 
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Introduction 

Benthic microalgae are important primary producers in intertidal soft-sediment 

habitats where they contribute up to 50% of total primary production (Underwood 

and Kromkamp 1999). In these highly productive areas that have a great 

ecological and economical value across the globe (Heip et al. 1995), benthic 

microalgae fuel the benthic food web by forming extensive biofilms that support 

a vast array of organisms (Decho 2000, Stal 2003, Kromkamp et al. 2006, Markert 

et al. 2013, Rigolet et al. 2014). Resource availability and grazing play important 

roles in regulating benthic microalgae (Underwood and Kromkamp 1999, 

Weerman et al. 2011a, 2011b). However, on tidal flats, large-scale heterogeneity 

in the abundance and productivity of benthic microalgae is commonly attributed 

to abiotic conditions, where increasing hydrodynamic stress decrease benthic 

microalgae biomass by resuspension of the sediment (de Jonge and van Beusekom 

1995, van der Wal et al. 2010). Recently, we have recognized the importance of 

biological control over local hydrodynamic conditions on intertidal flats (van der 

Zee et al. 2012, Donadi et al. 2013a) and shown that the high abundances of 

benthic microalgae correlate strongly with the occurrence of mussel beds (Donadi 

et al. 2013b, Nieuwhof et al. personal communication). 

Organisms that modify their habitats can facilitate complex food-webs by 

providing structural complexity and improving environmental conditions for 

many organisms (Olff et al. 2009, Kéfi et al. 2015, van der Zee et al. 2016). On 

tidal flats, above-ground aggregations of bivalves such as mussels or oysters can 

build extensive habitat-forming reefs (e.g. mussel beds). These structures are of 

fundamental importance for biological control of ecosystem structure and 

properties (Commito et al. 2008, Gutiérrez et al. 2011, van der Zee et al. 2012, 

Donadi et al. 2013a, 2015). By creating large emergent structures in the otherwise 

predominantly flat and soft-bottomed landscape, bivalve reefs generate habitat for 

many other species that live in or on the sediment (van der Zee et al. 2012, 

Nieuwhof et al. 2015). The reefs physically protect the surface sediment against 

erosion and resuspension, and furthermore increase organic matter content via 

suspension feeding and biodeposition (Widdows and Brinsley 2002). The habitat 

modifying properties and ecosystem effects extend up to several hundred meters 

around reefs (van der Zee et al. 2012, Donadi et al. 2013a, 2013b, 2015, van de 

Koppel et al. 2015), which is reflected by a conspicuous increase of benthic 

microalgae biomass in the vicinity of intertidal mussel beds (Donadi et al. 2013b). 

Due to these impacts on a large spatial scale, it can be assumed that the interaction 

between benthic microalgae and intertidal bivalve reefs contribute significantly to 
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coastal production. However, the assumed regulatory importance of bivalve reefs 

for microalgae biomass is based on observational data and statistical modelling 

only, while the causal link of (living) bivalves facilitating benthic diatoms have 

not been extensively examined. Consequently, we lack conclusive empirical 

evidence of the facilitation effect. In addition, due to limited measurements of 

actual productivity, we have a poor understanding of how the increased biomass 

of microalgae (commonly estimated by chlorophyll a concentration) around reefs 

relate to productivity of the system.  

In this study, we tested the hypothesis that mussel beds increase the local biomass 

of benthic microalgae on a tidal flat. First, we showed that the biomass of benthic 

microalgae was consistently elevated across a mussel bed over several years and 

related this to higher primary productivity. We then used empirical evidence from 

a small-scale field experiment to demonstrate that the addition of live mussels to 

bare plots facilitates benthic microalgae. 

Material and Methods 

Set-up Transects 

We set up two parallel transects spanning a distance of 1 km each on a tidal flat 

south of the island Schiermonnikoog (North 53.489˚, East 6.215˚, Friesland, The 

Netherlands; see Appendix A2.1). This tidal flat is a mudflat with varying 

sediment grain types ranging from fine mud to sand. During low tide, the flat falls 

completely dry and the tidal range is about 3.5 m. The two transects were 300 m 

apart and perpendicular to the coast. One transect crossed a Mytilus edulis (blue 

mussel) reef that was ca. 100 m wide and extended for approximately 250 m along 

the coast; the other one was in a habitat without mussels present. The mussel bed 

is elevated and exhibits spatial self-organization on two scales: 1) a banded pattern 

with mussels on top of several meter large hummocks of accumulated sediment 

and small pools of 1-2 m in diameter, that are void of mussels and retain water 

during low tide (Liu et al. 2012), and 2) a labyrinth-like banded pattern of small 

mussel clusters that aggregate on the 5-10 cm scale (van de Koppel et al. 2008), 

but that changes into a thick homogenous cover of mussels at peak densities on 

the hummocks. We established the first point of each transect 350 m coastward of 

the mussel bed (about 500 m from the shore) and placed subsequent points every 

50 m in seaward direction up to 100 m behind the mussel bed (last point ca. 1000 

m from the shore). The transect points were selected to cover a visible plume of 

muddy sediment that extended around the mussel bed. 
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In June 2012, we sampled chlorophyll a concentration at six transect points in 

both transects (-300 m, -200 m, -100 m, 0 m, + 100 m, + 150 m distance to the 

mussel bed/ the corresponding tidal elevation in the no mussel bed habitat, where 

negative values mean distances coastward of the mussel bed/ the corresponding 

tidal elevation in the no mussel bed habitat and positive distances seaward of the 

mussel bed/ the corresponding tidal elevation in the no mussel bed habitat). 

Distance to the mussel bed is hereafter referred to collectively as distance to the 

mussel bed in both habitats. Sampling was replicated spatially, by including 

samples 50 m to the right and 50 m to the left of each transect point (N=36). In 

2015-16, we took chlorophyll a and organic matter samples at five similar transect 

points in both transects (-350 m, -200 m, -100 m, 0 m, + 100 m distance to the 

mussel bed, where negative distances are coastward and positive distances are 

seaward of the mussel bed), but instead of two spatial replicates we repeated the 

sampling six times in total (October 2015, October 2016, April 19 2016, April 29 

2016, May 2016, June 2016). Due to unexpected weather conditions, we could 

not sample the two last transect points for the no mussel bed habitat in October 

2015 (0 m, + 100 m) and had to abandon the last sampling point (+ 100 m) in both 

habitats in April 2016 (N=56). 

We measured photosynthetic yield of the sediment as proxy for benthic 

microalgae productivity at two different time points. In June 2012 and June 2016, 

we took triplicate samples in five transect points per habitat.  

Set-up Field Experiment 

We designed an experiment to analyze the local effects of mussel presence on 

benthic microalgae in small-scale plots of 0.5 m2 (Fig. A2.1.2a). Thus, we did not 

simulate the hierarchical spatial structure of intertidal mussel beds (as described 

above; see also Snover and Commito 1998, Kostylev and Erlandsson 2001, 

Commito et al. 2006), or their long-range effects (Donadi et al. 2013a, 2013b, van 

de Koppel et al. 2015). Our experiment allowed us to assess the effect of mussels 

at the plot scale, avoiding possible confounding effects that different 

environmental factors could have when including multiple spatial scales in the 

experimental design (Wiens 1989, Commito et al. 2006). 

We set up the mussel facilitation experiment in three different sites on the same 

tidal flat as the transects, south of Schiermonnikoog island (Fig. A2.1.1a, c). The 

three sites were placed at the same tidal elevation, meaning that all plots fell dry 

at the same time during low tide, but along a gradient of influence by mussel beds 
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which also means that they differ in sediment erosion, organic matter content and 

infauna community composition (van der Zee et al. 2012, Donadi et al. 2013b, 

2015). Site 1 was placed in the transect without a mussel bed; Site 2 coastward of 

the mussel bed included in the mussel bed transect (300 m to the east of Site 1); 

and Site 3 coastward of another larger mussel bed that is 100-200 m wide and 

extends almost 1000 m along the coast (2000 m east of Site 1; Fig. A2.1.1a). 

In each site, we tested the effects of adding mussels on benthic microalgae 

biomass. For this, we prepared four different treatments with three replicates in 

each site, leading to 36 experimental units (plots) in total. Each individual plot 

had an area of 0.25 m2 (plot dimension: 0.5 m by 0.5 m) and each corner of the 

plot area was marked with a plastic pole. The poles were 66 cm long and inserted 

about 30 cm deep into the sediment. The distance between the plots was 5 m on 

each side. 

The experiment combined two mussel addition treatments and two controls in a 

factorial design with: a fenced control (FC; Fig. A2.1.2b), a fenced mussel 

addition treatment (FM; Fig. A2.1.2c), a semi-caged control (CC; Fig. A2.1.2d), 

and a semi-caged mussel addition treatment (CM; Fig. A2.1.2e). For the two 

mussel addition treatments (FM, CM), we collected live Mytilus edulis and 

distributed them evenly in the plots so that the surface of the entire plot was 

covered. After the addition, the mussels organized themselves in the plots 

overnight by creating a spatial pattern of 5-10 cm banded aggregations (Fig. 

A2.1.2e). Placing experiments on an intertidal flat may lead to critical artifacts 

because of changes to water flow caused by equipment rather than treatments, but 

also because of changed predation rates since the experiment may hinder or attract 

natural predators. This is critical when placing bivalves on the tidal flat, since they 

become islands of food for both birds and crabs that quickly consume the 

treatments. We therefore constructed two types of experimental controls: one 

semi-caged control (CC) that excluded both crab and bird predation but may have 

strong effects on flow attenuation; and one fenced control that only excluded bird 

predation but with minimal effects on flow. The semi-caged control consisted of 

a coarse plastic-coated metal net that was wrapped around the marking poles. The 

net (mesh size: 1.2 cm) was placed directly on the seafloor with no space below 

it and had a height of 25 cm. The fenced control (FC) had a string attached to the 

poles at about 25 cm height, wrapping around the plots as protection against 

predation from birds (van Gils et al. 2012). The distribution of the plots was 

randomized within sites. Deployment of all plots disturbed the sediment in the 
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same way, as all treatments had the same basic built with the four plastic poles in 

each corner. The experimental plots were set-up in three rows perpendicular to 

the tidal currents; the most seaward row of treatments was hit by the tides first in 

all three sites (Fig. A2.1.1a, Fig. A2.1.1c, Fig. A2.1.2a). 

To test for experimental artifacts, we also included a control without a fence that 

was only marked in the corners of the plot (no string between the poles; 

randomized among the other treatments at each site; N=9; Appendix A2.2).  

Deployment of the experimental plots took place in the end of April 2015. After 

more than a month, in June 2015, we took chlorophyll a and organic matter 

samples in all experimental plots. We also collected data on hydrological 

conditions by using dissolution plasters as proxy for hydrodynamic stress (for 

methods see Donadi et al. 2013b). The dissolution plasters are cylindrical plaster 

molds which we expose to the hydrodynamic conditions of the study area during 

high tide and then estimate erosion by calculating the relative plaster weight loss. 

We deployed two dissolution plasters in each experimental plot for two tidal 

cycles before the final sampling.  

Due to a severe storm in the end of May 2015, we lost three replicates of the semi-

caged control (CC; two in Site 1 and one in Site 3), so that the total N=6 for this 

treatment. 

Sampling and Analysis 

Chlorophyll a concentration in the sediment was measured as proxy for benthic 

microalgae biomass. For the chlorophyll a samples we collected three cores 

(diameter: 26 mm, depth: 2 mm) in the respective transect points. We pooled the 

sediment from all three cores and wrapped them onto a 10x10 cm piece of 

aluminum foil to prevent exposure to light. The sediment in the foil was placed 

into small labeled plastic bags which were sealed and stored on ice in the dark 

immediately after collection. The samples were transported in cool boxes to the 

laboratory (<24h). Samples were taken within a few hours on the same day in all 

plots. Once returned to the lab, we freeze-dried the samples and determined 

chlorophyll a content by acetone extraction (90%, dark, -20°C, 48 h) and methods 

described by Jeffrey and Humphrey (1975). The 2012 chlorophyll a concentration 

was measured with a spectrophotometer, whereas the 2015-16 samples were 

measured with a fluorometer. 
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For the organic matter samples, we took one sediment core (diameter: 2.6 cm, 

depth: 5 cm) at each transect point and in each experimental plot. The samples 

were placed into labeled plastic bags and stored in cool boxes on ice until they 

were transported to the laboratory. Upon return to the laboratory, the samples 

were frozen at -20°C until further processing. Organic matter content was 

measured by Loss on Ignition (LOI; 4h, 550°C) of oven dried (48h, 60°C) 

samples.  

The dissolution plasters were collected after exposure to two tidal cycles and 

allowed to dry in air for a week. The relative plaster loss was then calculated by 

subtracting the dry weight of the plaster after exposure to the tides from the dry 

weight before exposure. Submersion time in the different plots only varied 

marginally, therefore no standardization was deemed necessary. 

Photosynthetic yield was measured as the maximum quantum yield of 

photosystem II with a Pulse Amplified Modulation fluorometer (Mini-PAM, 

Walz) as a proxy for benthic microalgae productivity. To avoid differences caused 

by different light conditions and changes in weather and timing of the tide, we 

collected triplicate samples of sediment at each transect point and transported 

them back to the lab (some were lost in 2012, reducing replication to duplicates 

at some points, N=30). The samples were placed in petri dishes which were 

randomly distributed on the same shelf in a climate room and allowed to 

acclimatize for half a day (light level: 11 µmol∙m-2∙s-1; temperature: 16°C). The 

photosynthetic yield was then measured using the PAM after 30 minutes of dark 

adaptation. The PAM sensor was fixed 10 mm above the sediment. 

Statistical Analysis 

All statistical analyses were performed and graphs were created in R v 3.3.1 (R 

Core Team 2017). If necessary, the data were log-transformed to meet the 

assumptions of homogeneity of variances and normality of data distribution. 

Transects 

Since the methods for the transect chlorophyll a data varied slightly between 2012 

and 2015-16, we analyzed them separately. 2012 transect chlorophyll a 

concentration did not meet the assumption of homogeneity of variances, even 

after data transformation. Therefore, we analyzed differences in chlorophyll a 

concentration between the habitat types (mussel bed, no mussel bed) using a 

Kruskal-Wallis rank sum tests. We then performed two separate Spearman rank 

correlations for each habitat type, testing if chlorophyll a concentration changed 
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with distance to the mussel bed (300 m, 200 m, 150 m, 100 m, 0 m). We averaged 

all three transects per habitat for the analysis. For the 2015-16 transect data of 

chlorophyll a and organic matter content, we performed analyses of covariance 

(ANCOVA) considering the factor habitat type (mussel bed, no mussel bed) and 

the covariable distance to the mussel bed (Table A2.3.1, Table A2.5.1). For the 

analyses, we used data from all the six different sampling times in 2015-16. We 

pooled the 2012 and 2016 PAM data for the analysis of photosynthetic yield, 

because lost samples of 2012 led to poor replication. We performed an ANCOVA, 

considering year (2012, 2016) and habitat type (mussel bed, no mussel bed) as the 

two factors and distance to the mussel bed as the covariable (Table A2.3.2). We 

used the triplicates per sampling point.  

Field Experiment 

For the experiment, we analyzed the effect of the two different controls and 

mussel addition treatments on chlorophyll a concentration, organic matter content 

and hydrodynamic stress (plaster loss) using a fully crossed three-factorial 

ANOVA with site, cage and mussel addition as fixed factors. 

Results 

Transect Results  

The mussel bed increased benthic microalgae biomass and productivity across the 

intertidal flat; both in the 2012 and the 2015-16 samplings (Fig. 2.1a-d).  

On average, the chlorophyll a concentration was significantly higher in the mussel 

bed habitat compared to the no mussel bed habitat in both sampling periods (Fig. 

2.1a-b; 2012: χ 2=9.62, df=1, p=0.002; 2015-16: F1,52=25.55, p<0.01; Table 

A2.3.1). In 2012, the chlorophyll a concentration significantly increased with 

increasing proximity to the mussel bed in the mussel bed transect (Fig. 2.1a; n=18, 

Spearman R=0.82; t=5.8, p<0.001). In the no mussel bed habitat in 2012, there 

was no similar increase of chlorophyll a with distance to the tidal level of the 

mussel bed (Fig. 2.1b; n=18, Spearman R=0.24; t=0.97, p=0.35). The increase in 

benthic microalgae biomass directly on the mussel bed was on average more than 

25 times stronger in the mussel bed transect compared to points at the same tidal 

elevation in the habitat without a mussel bed (2012; Fig. 2.1a). In 2015-16, the 

chlorophyll a concentration significantly increased with increasing proximity to 

the mussel bed and corresponding tidal level in both transects (Fig. 2.1b; 

significant main effect of distance: F1,52=21.12, p<0.01; Table A2.3.1). The 
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interaction between habitat type and distance to the mussel bed was statistically 

not significant (2015-16: F1,52=1.76, p=0.19; Table A2.3.1), but the increase was 

nearly four times stronger in the mussel bed transect compared to points at the 

same tidal elevation in the habitat without a mussel bed (Fig. 2.1b). 

The effect of the mussel bed on photosynthetic yield depended on the year (Fig. 

2.1c-d), as we detected a significant interaction between year, habitat type and 

distance to mussel bed (F1,50=5.10, p=0.03; Table A2.3.2). In 2012, the 

photosynthetic yield decreased gradually in seaward direction across the transect 

without a mussel bed while it increased strongly with proximity to the mussel bed 

in the mussel bed habitat (Fig. 2.1c). In contrast, in 2016 the photosynthetic yield 

increased gradually in seaward direction across the no mussel bed transect (Fig. 

2.1d). The yield in the mussel bed transect in 2016 was in general higher than in 

the no mussel bed transect, but had an abrupt minimum 100 m coastward of the 

mussel bed, where the yield was even lower than in the no mussel bed habitat at 

a comparable tidal elevation (Fig. 2.1d). This area was characterized by the 

presence of macrofaunal structures (tube worms) that covered the entire area and 

possibly disturbed the biofilm. Overall, photosynthetic yield was higher in 2016 

compared to 2012 (Fig. 2.1c-d; Year: F1,50=36.41, p <0.01; Table A2.3.2) and 

there was a marginal trend towards an average higher yield in the mussel bed 

habitat in both years (Habitat type: F1,50=3.30, p=0.08; Table A2.3.2). The highest 

yield overall was recorded in the mussel bed habitat for both years: in 2012 the 

highest yield was measured directly on the mussel bed (Fig. 2.1c); whereas in 

2016 it was measured 100 m seaward of the mussel bed (Fig 2.1d).  

The positive effect of the mussel bed on both biomass and productivity of the 

benthic microalgae resulted in a strong correlation between chlorophyll a 

concentration and photosynthetic yield across the transects in June 2012 and June 

2016 (including all matching chlorophyll a and yield measurements sampled from 

the same transect points in June 2012 and June 2016: Spearman rank correlation 

ρ=0.76, N=30, p<0.05; Fig. 2.2). 

  

 

 

 

 

 



MUSSELS FACILITATE MICROALGAE 

36 

 

 

 

 

 

 

 

Fig. 2.1 a) Chlorophyll a concentration 2012, b) chlorophyll a concentration 2015-16, 

c) photosynthetic yield 2012, and d) photosynthetic yield 2016 in the transects. Negative 

distances to the mussel bed indicate positions coastward of the mussel bed, whereas 

positive values indicate a position seaward of the mussel bed. In the no mussel bed 

habitat, the distances represent similar tidal elevations as in the mussel bed habitat. The 

gray circles represent averages of transects in the mussel bed habitat and the black 

circles represent averages of transects in the no mussel bed habitat. Error bars denote 

standard errors of the mean. 
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Fig. 2.2 Correlation between photosynthetic yield and chlorophyll a concentration for 

both years (2012 and 2016). The gray circles represent data points in the mussel bed 

habitat, whereas the black points represent data points in the habitat without a mussel 

bed. We show data for all transect points that had corresponding chlorophyll a and yield 

measurements (N=30).  
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Results Field Experiment 

The mussel additions doubled chlorophyll a concentration in the sediment (Fig. 

2.3a; Table 2.1). There was an indication of a stronger effect in the caged 

treatments, but there was no significant effect of caging, and no interaction effect 

between caging and mussel addition (Fig. 2.3a; Table 2.1). The mussel additions 

had no significant effects on organic matter content or plaster loss (Fig. 2.3b-c; 

Table 2.1). There was a marginal trend for the cage treatment to decrease plaster 

loss (Fig. 2.3c; Table 2.1), indicating that the cages decreased hydrodynamic 

stress in a way that the mussels alone did not.  

The chlorophyll a concentration of the sediment was higher at site 2 coastward of 

the mussel bed, compared to site 1, without a mussel bed (Fig. A2.4.1a; Tukey 

HSD post hoc test: site 2 > site 1, p<0.05); but there was no interaction between 

the experimental treatments and site, demonstrating that mussels increased 

chlorophyll a concentration across habitat types (Table 2.1). The organic matter 

content was highest at site 2 (behind the smaller mussel bed) and lowest at site 1, 

without a mussel bed (Fig. A2.4.1b; Tukey HSD post hoc test: site 2 > site 3 > 

site 1, p<0.05). There was a non-significant trend for decreased hydrodynamic 

stress at site 3 compared to the other sites (Fig. A2.4.1c). 

  

Table 2.1 Results of three-factorial ANOVA for field experiment testing effects of 

mussel additions (two levels – no mussel addition, mussel addition), cage (two levels 

– cage present, no cage present) and site (three levels); on chlorophyll a concentration 

(Chl a), organic matter content (OM) and plaster loss (PL) in the experimental plots. 

  Chl a (µg/mg) OM (%) PL (%) 

 df F p F p F p 

Mussel addition 

(M) (M) 

1 12.59 <0.01 1.71 0.20 0.66 0.43 

Cage (C) 1 0.52 0.48 0.22 0.65 4.53 0.05 

Site (S) 2 5.45 0.01 16.00 <0.01 0.88 0.43 

M x C 1 0.37 0.55 3.14 0.09 1.46 0.24 

M x S 2 0.21 0.81 1.28 0.30 0.92 0.41 

C x S 2 0.73 0.49 0.70 0.51 3.40 0.05 

M x C x S 2 0.66 0.53 0.82 0.46 0.23 0.80 

Residuals 2

1 
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Fig. 2.3 Average chlorophyll a concentration (a), average organic matter content (b; 

OM), and average plaster loss (c) in the different treatments (FC = fenced control, FM 

= fenced mussel addition, CC = semi-caged control, CM = semi-caged mussel addition) 

of the field experiment. Bars denote standard errors of the mean.  
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Discussion 

We demonstrate that mussel beds increase the biomass of primary producers. 

Previous research had suggested this facilitative effect of mussel beds (Donadi et 

al. 2013b), but did not provide conclusive evidence. Our results are also the first 

to actually link a long-distance interaction of up to 200 m in the vicinity of mussel 

beds, to both increasing biomass of primary producers and higher levels of 

productivity. There was a clear inter-annual variation in both chlorophyll a and 

productivity, where the long-range effect of the mussel bed shifted in magnitude 

and direction between 2012 and 2015-16. However, in general, the areas on the 

tidal flat with the highest biomass of benthic microalgae also had high values of 

photosynthetic yield and these were always the sampling points in proximity of 

the mussel bed; indicating that the positive effect of the mussel bed prevailed 

through the annual fluctuations in environmental conditions. These results 

confirm and highlight the importance of reef-building bivalves for the functioning 

of coastal ecosystems. Specifically, in soft-sediment habitats reef-building 

bivalves act as ecosystem engineers and thereby are essential for associated 

communities (van de Koppel et al. 2015). By creating a three-dimensional habitat 

structure, bivalve reefs are important structuring components of many coastal 

ecosystems. In soft-bottom intertidal areas, bivalve reefs are often the only hard 

surfaces that can be used by other sessile organisms for attachment, favoring 

habitat forming algae and rich communities of epifauna (Albrecht and Reise 

1994). Bivalve reefs are also important nursery grounds for many economically 

important organisms such as fish (Kristensen et al. 2015). In addition to locally 

modifying the habitat with their physical presence, they also have long distance 

effects by creating sediment conditions around them that are beneficial for many 

benthic organisms including infauna species (van der Zee et al. 2012, Donadi et 

al. 2015). This shows that bivalves are autogenic and allogenic ecosystem 

engineers at the same time (Jones et al. 1994). Our study demonstrates that mussel 

beds not only facilitate animal biodiversity on many different trophic levels as 

shown in previous studies (Albrecht and Reise 1994, van der Zee et al. 2012, 

Donadi et al. 2015, Kristensen et al. 2015), but they also provide excellent 

growing conditions for benthic primary producers across the intertidal. Together, 

this demonstrates that mussel beds are hot spots that fuel primary production in 

intertidal areas and support a productive and diverse food web far beyond its 

physical borders. 
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The abundance of benthic microalgae in intertidal sediments strongly depends on 

sediment erosion. Increased hydrodynamic stress leads to higher sediment 

erosion, which in turn re-suspends the microalgae (de Jonge and van Beusekom 

1995). Larger biofilms of benthic microalgae are therefore often found in areas 

that are protected from hydrodynamic stress. Previous research shows that mussel 

beds reduce hydrodynamic stress (Donadi et al. 2013b) and therefore productivity 

of benthic primary producers is expected to increase in the vicinity of these 

structures. Our transect results confirm an increase in primary producer biomass 

closer to the mussel bed, but in our experiment we found that protection from 

hydrological forces alone does not increase the standing stock of primary 

producers. Although shelter by the cages decreased the hydrodynamic stress more 

than the mussels, it was only when mussels were physically present in the plots 

we could demonstrate an increase in primary producer biomass. Generally, in 

addition to reducing hydrodynamic stress, mussels excrete feces and pseudo-feces 

that are rich in organic matter and nutrients which may promote growth of the 

biofilm (van Broekhoven et al. 2015). The physical changes by the mussels may 

also hinder infauna that feed on benthic microalgae and/or affect sediment 

stability via bioturbation. For example, the amphipod Corophium volutator and 

the polychaete Arenicola marina, are common infauna found in the Wadden Sea 

that negatively affect benthic microalgae via grazing and bioturbation, 

respectively (Gerdol and Hughes 1994, Chennu et al. 2015). Thus, the exclusion 

of infauna grazers and bioturbators may also have promoted the biofilm (Gerdol 

and Hughes 1994, Brustolin et al. 2016). However, the reefs also support higher 

abundances of epifauna (Norling and Kautsky 2007), which includes dominant 

grazers such as Littorina littorea (common periwinkle) that consume the biofilm. 

Consequently, in our experiment, on a local scale, the increase in 

microphytobenthos biomass by the physical presence of the mussels may have 

been caused through a combination of: 1) reduced hydrodynamic stress, 2) 

increased nutrient availability, and 3) changes to the associated invertebrate 

community. 

Scale is important for the magnitude of engineering effects. Our experiment was 

designed to analyze effects at small scales and therefore did not simulate the 

hierarchical spatial structure of mussel beds or manipulate long-range effects (Liu 

et al 2012, van de Koppel et al. 2015). The hierarchical structure of the mussel 

patches possibly play a major role on the overall engineering effect of mussel beds 

on the tidal flats systems. Indeed, comparing the experimental results of mussel 

addition to the field measurements across the mussel bed indicates that the 
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facilitative effect on primary producers was dependent on the extent of the mussel 

aggregation. Our small addition plots doubled the biomass of benthic microalgae, 

but this was still less than half of the biomass on the natural mussel bed. The 

importance of the size of mussel patches was previously observed for associated 

macrofauna (Norling and Kautsky 2007). Even though the presence of single 

mussels was shown to increase biomass and species richness of associated 

macrofauna, the increase was much higher in larger patches of Mytilus edulis 

(Norling and Kautsky 2007). The temporal scale is probably also very important; 

the mussel bed from the transect data had been present in the same location for 

multiple years before we took the measurements. This means that there was much 

more time for organic matter to be accumulated in the sediment and we saw a 

large increase of organic matter content on the mussel bed (Fig. A2.5.1). In 

contrast, we did not see any significant effect of the mussel additions on organic 

matter content in the experimental plots, where the mussels only had about one 

month time to produce and accumulate organic matter. Worldwide, we have 

observed a decrease in native bivalve reefs due to overfishing, habitat degradation, 

or invasion of non-native species (Jackson et al. 2001, Edgar and Samson 2004, 

Lotze et al. 2006, Eriksson et al. 2010), which can have detrimental effects on 

coastal ecosystems. Protection and restoration efforts should not only focus on the 

presence of the species but also needs to consider the scale of reefs. 

Our results demonstrate the importance of bivalve reefs for primary production 

on intertidal flats. On a global scale, we see a decline in ecosystem engineering 

species in coastal areas (Jackson et al. 2001, Lotze et al. 2006). Bivalves are 

therefore already of an importance to conservation and restoration efforts in many 

areas of the world (e.g. Schulte et al. 2009, McLeod et al. 2012, de Paoli et al. 

2015). Our research shows that establishing and protecting reefs in soft-bottom 

habitats is a key conservation priority and an essential strategy to restore and 

manage coastal production.  
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Appendix A2.1 Detailed information on study site (transects and 

experiment). 

 

Fig. A2.1.1 Overview of the study areas for the transect measurements as well as for 

the experiment (a); close-up of transect set-up (b); close-up of experimental set-up (c) 

with the four treatments fenced control (FC), semi-caged control (CC), fenced mussel 

addition (FM), and semi-caged mussel addition (CM). 
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Appendix A2.1 (cont’d) 

Table A2.1.1 Coordinates and attributes of transect sampling points. 

Transect Plot Plot ID Habitat Latitude (°N) Longitude (°E) Distance MB (m) 

2 A 2A Mussel bed 53.47090 6.22400 -350 

2 B 2B Mussel bed 53.47045 6.22408 -300 

2 D 2D Mussel bed 53.46955 6.22418 -200 

2 F 2F Mussel bed 53.46865 6.22438 -100 

2 H 2H Mussel bed 53.46776 6.22462 0 

2 J 2J Mussel bed 53.46686 6.22469 100 

2 K 2K Mussel bed 53.46494 6.22492 150 

5 A 5A No Mussel bed 53.47101 6.23025 -350 

5 B 5B No Mussel bed 53.47055 6.23029 -300 

5 D 5D No Mussel bed 53.46967 6.23041 -200 

5 F 5F No Mussel bed 53.46876 6.23050 -100 

5 H 5H No Mussel bed 53.46788 6.23058 0 

5 K 5K No Mussel bed 53.46521 6.23065 150 
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Appendix A2.1 (cont’d) 

 

Fig. A2.1.2 Example of experimental set-up (a; depicted is part of Site 1); fenced control 

treatment (b; FC); fenced mussel addition treatment (c; FM); semi-caged control (d; 

CC); semi-caged mussel addition treatment (e; CM). 

 

Table A2.1.2 Coordinates for set-up sites of the field experiment. 

Site Latitude (°N) Longitude (°E) 

1 53.28590 6.13474 

2 53.28720 6.13293 

3 53.28775 6.11262 
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Appendix A2.2 Cage effect analysis for the experiment 

 

Fig. A2.2.1 Average chlorophyll a concentration (a) and organic matter content (b; 

OM) in the different cage treatments of the experiment (Control, FC = fenced control, 

CC = semi-caged control) of the field experiment. Bars denote standard errors of the 

mean. 
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Appendix A2.2 (cont’d) 

Table A2.2.1 Results of two-factorial ANOVA for cage effect in field experiment. We 

tested the influence of the factors Treatment (three levels – Control, Fence, Cage) and 

Site (three levels) on the response variables chlorophyll a (Chl a) and organic matter 

content (OM). 

  Chl a (µg/mg) OM (%) 

 df Sum Sq F p Sum Sq F p 

Treatment (T) 2 8.72 0.36 0.71 0.37 0.62 0.55 

Site (S) 2 200.16 8.14 <0.01 1.65 2.73 0.10 

T x S 4 16.59 0.34 0.85 0.79 0.65 0.64 

Residuals 15 184.35   4.53   

 

Table A2.2.2 Post-hoc results (Tukey HSD) for cage effect in the field experiment. We 

compared chlorophyll a concentration (Chl a) and organic matter content (OM) in the 

different sites and in the different cage treatments. 

 Chl a (µg/mg) OM (%) 

 p p 

Site 1 x Site 2 <0.01 0.10 

Site 1 x Site 3 0.44 0.22 

Site 2 x Site 3 0.05 0.91 

Control x Fence 0.73 0.57 

Control x Cage 1.00 0.99 

Fence x Cage 0.79 0.70 
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Appendix A2.3 ANCOVA tables for transect data 2012 and 2015-16. 

Table A2.3.1 Results of ANCOVA for transect chlorophyll a (Chl a) data 2015-16. We 

considered the factor habitat type (two levels – no mussel bed and mussel bed), the 

covariate distance to mussel bed (continuous), and the interaction. We used log-

transformed data from all six sampling times. 

 Chl a (µg/mg) 2015-16 

 df Sum Sq F p 

Habitat type (HT) 1 2.47 25.55 <0.01 

Distance (D) 1 2.04 21.12 <0.01 

HT x D 1 0.17 1.76 0.19 

Residuals 52 5.02   

 

Table A2.3.2 Results of ANCOVA for transect PAM data. We considered the factors 

habitat type (two levels – no mussel bed and mussel bed), year (two levels – 2012 and 

2016), the covariate distance to mussel bed (continuous), and all interactions. We used 

triplicate samples per transect point.  

 Photosynthetic Yield 

 df Sum Sq F p 

Habitat type (HT) 1 0.02 3.30 0.08 

Distance (D) 1 <0.01 0.02 0.89 

Year (Y) 1 0.20 36.41 <0.01 

HT x D 1 0.03 5.10 0.03 

HT x Y 1 0.02 3.30 0.08 

D x Y 1 <0.01 0.02 0.89 

HT x D x Y 1 0.03 5.10 0.03 

Residuals 50 0.27   
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Appendix A2.4 Average chlorophyll a, organic matter, and plaster loss per 

site. 

  

Fig. A2.4.1 Average chlorophyll a concentration (a; Chl a), average organic matter 

content (b; OM), and average plaster loss (c) in the different sites of the field experiment. 

Bars denote standard errors of the mean.  
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Appendix A2.5 Organic Matter Content in the Transects  

 

Fig. A2.5.1 Organic matter content (OM) in the transects at different sampling points. 

Displayed are means of the six sampling times in 2015-2016 with standard errors.  

 

Table A2.5.1 Results of ANCOVA for organic matter in the 2015-16 transects. We 

considered the factor habitat type (two levels – no mussel bed and mussel bed), the 

covariate distance to mussel bed (continuous), and the interaction. We used log-

transformed data from all six sampling times. 

 OM (%) 

 df Sum Sq F p 

Habitat type (HT) 1 0.42 21.45 <0.01 

Distance (D) 1 0.60 30.41 <0.01 

HT x D 1 <0.01 0.11 0.74 

Residuals 52 1.03   
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